One contribution of 7 to a theme issue '3D biological cultures and organoids'.
to address these shortcomings, but tend to be complex and costly and to require specialized equipment. Hoyle et al. [4] have developed a low-cost, desk-top bioreactor system which overcomes some of the issues associated with existing bioreactors while retaining their ability to support complex tissues. A vented conical stand acts as a baffle for flow generated by a six-point magnetic stir bar, the tissue constructs being housed between two hemispherical holders which rest on the conical stand. Computational fluid dynamics simulations show how the conical stand, angled vents and stir bar generate a flow which allows the effective circulation of the media through the culture system. Results from three studies reveal the potential of their new bioreactor for generating and maintaining tissues. Firstly, they report improved structure and metabolic function when they use their system to culture hepatocellular carcinoma cells. Secondly, they observe more heterogeneous tissues resembling in vivo teratoma when they culture human pluripotent stem cells. Thirdly, ex vivo liver tissue slices exhibit increased viability and maintenance of cellular function over a 3 day period.
In [6] , attention focuses on a new 3D technique for imaging cell migration within 3D multicellular spheroids, the method being designed to resolve the limitations of existing methods, which typically use 2D images to infer migration patterns in three dimensions. The demand for more accurate techniques is driven largely by an increase in the development of antimigratory drugs designed to inhibit the spread of highly invasive cancers such as gliomas. The technique proposed by Ketchen et al. [6] is based on instant structured illuminated microscopy (iSIM): image capture at high spatio-temporal resolution enables rapid capture of high-resolution volumes (Zstacks). They have used their technique to acquire 3D images of individual cells migrating within labelled multicellular spheroids embedded in collagen. Brightfield images showed that an anti-migratory drug caused the cells to adopt a rounded phenotype typical of amoeboid migration, while iSIM revealed greater morphological detail about the dynamics of intracellular actin bundles and cytoskeletal rearrangements and, thereby, provided insight into the mechanisms by which the drug causes the cells to adopt a rounded phenotype. In order to facilitate wider use of their imaging technique and its adaptation for other research questions, Ketchen et al. have developed a workflow that enables 3D images to be generated using iSIM and analysed using a new ImageJ plugin.
In the longer term, the image analysis workflow developed in [6] might be used to generate data to validate the mathematical and computational approaches proposed by Leedale et al. [3] . Leedale et al. recognize that 3D cell culture systems, such as multicellular spheroids, are increasingly being used in drug development and hepatic safety assessment because they are more physiologically relevant and predictive of outcomes in vivo. At the same time, the 3D systems are more complex and mechanistic understanding of many of the interactions remains to be fully elucidated. In [3] , the authors show how mathematical and computational approaches can help to fill this knowledge gap. They use a combination of multiscale and continuum mathematical models to study the transport and metabolism of drugs in hepatic spheroids. Model simulations show how cell membrane permeability and the porosity of the spheroid impact drug penetration through the spheroid; the greatest difference between the metabolic rates at the centre and outer boundary of the spheroids occurs for drugs with intermediate lipophilicity. In addition to generating mechanistic insight into drug transport, uptake and metabolism within three-dimensional hepatic spheroids, the paper also highlights the potential for combining mathematical and computational modelling with experimental work in order to design dosing schedules and to identify culture conditions that will optimize drug delivery throughout the spheroid.
In [8] , the emphasis is on the value of multidisciplinary research: Davies et al. report on in vitro and in silico models to study drug transport from silicone oil across the outer blood-retinal barrier of the eye. Monolayer cultures of human retinal pigmented epithelial cells were added to chambers and exposed to controlled flow to simulate drug clearance across the outer blood-retinal barrier. Movement of dextran molecules and the release of ibuprofen from silicone oil were measured and the resulting data used to validate complementary computational simulations generated using COMSOL. Good agreement between the in vitro and in silico experiments was obtained, with peak concentrations of permeated dextran and ibuprofen differing by less than 20%. This multidisciplinary study shows how in silico models can be used to predict the behaviour of complex in vitro systems, to improve the efficiency of drug delivery devices and to accelerate drug discovery. At the same time, the authors caution against attaching too much weight to experimental and theoretical models, as no model fully recapitulates the complex environment of human tissues such as the eye or the human endometrium.
When designing 3D micro-tissues, it is important to recapitulate the microenvironment experienced in vivo. This can be achieved by co-culturing multiple cell types within artificial tissue matrices or scaffolds. This is the approach adopted by Abbas et al. [5] . They introduce a new 3D model of the human endometrium, the inner mucosal lining of the uterus which undergoes shedding, regeneration and differentiation in response to ovarian hormones during the menstrual cycle. The new model is based upon the authors' recently established endometrial organoids. Lyophilization is used to generate porous collagen scaffolds with a range of pore sizes and different degrees of connectivity. A systematic approach is used to identify the optimal pore size and interconnectivity for stromal cell culture. The resulting porous collagen scaffold-based model of the endometrium contains epithelial and stromal cells and, thereby, will enable future investigation of stromal-epithelial interactions. The epithelial cells establish a layer on the scaffold, with apical polarization towards the outer surface, and both cell types are functionally responsive to hormones.
In conclusion, the six papers featured in this theme issue highlight the diverse skills that are being used to develop 3D cell culture models of human tissues or micro-tissues, and their potential for helping to elucidate human physiology, mechanisms of diseases and how these may be safely treated. However, many challenges remain: drug discovery, cell therapy and personalized medicine applications require new technologies that replicate biophysical cell growth conditions, enhance the reproducibility of micro-tissue handling and permit (image) analysis of the complex cellular structures that can be generated. Addressing these challenges requires active and sustained multidisciplinary collaboration among engineers, physicists, mathematicians, computer scientists, biomedical researchers and industrial stakeholders. Through its activities, the MRC-funded network 3DBioNet aims to catalyse royalsocietypublishing.org/journal/rsfs Interface Focus 10: 20200014 the formation of such collaborations and, thereby, to establish the UK as a leading centre for research and innovation in the development and application of 3D micro-tissues.
